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CHAPTER I
INTRODUCTION
The d is p a tc h  o f  m is s i l e  crews t o  t h e i r  d u ty  lo c a t io n s  in  th e  
341s t  S t r a t e g ic  M is s ile  Wing i s  a complex l o g i s t i c a l  problem . A d a i ly  
deploym ent i s  r e q u ir e d ,  u t i l i z i n g  c o n s id e ra b le  in p u ts  o f  m is s i le  crews 
and v e h ic le s .
The Wing i s  h ead q u a rte red  a t  Malmstrom A ir Force Base, G reat F a l l s ,  
M ontana. The m is s i l e  complex, d e f in e d  as  th e  g eo g rap h ica l a re a  th ro u g h ­
o u t which Minuteman m is s i le s  a re  d is p e r s e d ,  encom passes thousands o f  
sq u a re  m ile s  in  N o r th c e n tra l M ontana. Located i n  t h i s  complex a re  
tw en ty  Launch C o n tro l F a c i l i t i e s  (LCFs) and 200 Launch F a c i l i t i e s  (L Fs). 
The LCFs a re  underground c o n tro l  c e n te r s  from  w hich a m is s i le  crew, 
c o n s is t in g  o f  two o f f i c e r s ,  m on ito rs  th e  s t a t u s  o f  te n  Minuteman 
M is s i le s  lo c a te d  a t  d is p e rs e d , unmanned LFs, LCFs a re  d e s ig n a te d  by 
th e  m i l i t a r y  p h o n e tic  l e t t e r s  Alpha (A) th ro u g h  Tango (T ). The Wing 
i s  d iv id e d  in t o  fo u r  m is s i l e  squad rons, each d iv id e d  in t o  f iv e  f l i g h t s  
o f  te n  m is s i l e s .  G eo g rap h ic a lly , two squadrons a r e  lo c a te d  e a s t  o f  
G rea t F a l l s ,  and two w est. Because o f  th e  d is ta n c e s  s e p a ra t in g  th e  
two s e t s  o f  squad rons, th e y  can be th o u g h t o f  a s  s e p a ra te  e n t i t i e s .  
Manning a t  each LCF r e q u ir e s  t h a t  a 'n ew  crew r e l i e v e  th e  one 
p r e s e n t ly  on du ty  each day. T h e re fo re , a c o n tin g e n t o f  tw enty  crews 
must be d isp a tc h e d  th ro u g h o u t th e  m is s i le  complex d a i ly .  Crews t r a v e l
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i n  a  C h ev ro le t C a r r y a l l ,  T h is  v e h ic le  i s  l im ite d  t o  c a r ry in g  th r e e  
crews and t h e i r  a s s o c ia te d  equipm ent, p lu s  an o c c a s io n a l s tu d e n t crew 
f o r  o n - s i te  t r a i n i n g  p u rp o ses .
The d is p a tc h  o f  m is s i le  crews i s  co m plica ted  by v a r io u s  f a c to r s  
b e s id e s  th e  obvious ones o f  manning and t r a n s p o r t ,  o r o p e ra t in g  ex­
p en ses . One, th e  A ir  Force fund in g  f o r  new v e h ic le s  r e q u ir e s  t h a t  
p re s e n t v e h ic le s  rem ain  in  s e rv ic e  a s  lo n g  a s  p o s s ib le .  Two, th e  c o s t 
o f  f u e l  demands t h a t  th e  most e f f i c i e n t  r o u te s  be  t r a v e le d  each day. 
F in a l ly ,  th e  crew s a r e  c o n s tra in e d  t o  t r a v e l  on ro u te s  approved by th e  
T r a f f ic  C o n tro l C en te r (TCC), Due t o  th e  v a s t  s iz e  o f  th e  m is s i l e  
complex, t h i s  l a s t  c o n s t r a in t  i s  n e c e ssa ry  in  ca se  o f  v e h ic le  breakdow n, 
e s p e c ia l ly  d u r in g  th e  w in te r  m onths. In  some c a s e s ,  t h i s  im p lie s  t h a t  
a crew cannot t r a v e l  th e  s h o r te s t  r o u te  betw een s i t e s .
F ig u re  1 i s  a g ra p h ic a l  r e p r e s e n ta t io n  o f  th e  p re s e n t method by 
which crews a r e  d isp a tc h e d  th ro u g h o u t th e  m is s i l e  complex. The seg­
m ents c o n n ec tin g  th e  v a r io u s  s i t e s  form  an id e a l iz e d  netw ork , r a th e r  
th a n  an a c tu a l  roadmap. S i te s  w ith  two p a th s  le a v in g  them , such  a s  
Papa, C h a r l ie  and M ike, s ig n if y  p re p o s i t io n in g  o f  a  v e h ic le .  In  such 
c a s e s ,  th r e e  crew s a r r i v e  a t  a  s i t e ,  one rem ains , one c o n tin u e s  on, 
and th e  l a s t  d r iv e s  th e  p re p o s it io n e d  v e h ic le  t o  a  t h i r d  s i t e .  In  a l l  
c a s e s ,  l i n e s  o f  t r a v e l  a r e  outward from Malmstrom. These co n v en tio n s  
o f  F ig u re  1 a l s o  ap p ly  t o  s im i la r  f ig u r e s  th ro u g h o u t t h i s  pap er.
A f te r  a n a ly z in g  th e  c u r re n t  l o g i s t i c  t r a n s p o r ta t io n  s i t u a t i o n ,  
th e  problem  u n d e rta k en  in  t h i s  s tu d y  was an in v e s t ig a t io n  o f  th e  
c u r re n t  method o f  crew  deploym ent f o r  d e f ic ie n c ie s  in  ex cess  m ileag e  
a n d /o r  number o f  v e h ic le s  u t i l i z e d  d a i ly .  I t  was p roposed  t h a t  t h i s  be
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D=Delta
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F ig . 1 ,—G raphic r e p re s e n ta t io n  o f  a c tu a l  crew tr a n s p o r t  netw ork.
accom plished  by a p p ly in g  th e  a n a l y t i c a l  t o o l  o f  l i n e a r  pirogramming.
R esearch  O b je c tiv e s
The p r in c ip a l  o b je c t iv e  o f  t h i s  pap er i s  t o  d ev e lo p  an a l t e r n a t iv e  
crew t r a n s p o r ta t io n  method to  th e  c u r r e n t  one shown in  F ig u re  1. T h is  
a l t e r n a t i v e  method shou ld  p ro v id e  a b e t t e r ,  i f  n o t o p tim a l, s o lu t io n  
w ith  re s p e c t  t o  t r a n s p o r ta t io n  c o s ts  th a n  th e  p re s e n t system . The 
r e s e a rc h  o b je c t iv e s  were t o :
1. Develop a  model o f  crew  l o g i s t i c s .
2. D em onstrate c a p a b i l i t i e s  o f  th e  model f o r  r e a l i s t i c a l l y  
sav in g  c o s ts  by red u c in g : ( l )  m ileage t r a v e le d  d a i ly ,  and
( 2 ) th e  number o f  v e h ic le s  re q u ire d  d a i ly .
3. Modify th e  t r a n s p o r ta t io n  problem  te ch n iq u e  o f  l i n e a r  
programming by a llo w in g  th e  c o s ts  o f  t r a n s p o r t  t o  be  a l l o t t e d  
t o  th e  mode o f  t r a n s p o r t ,  in  t h i s  case  t r u c k s ,  r a th e r  th a n  
t o  th e  p ro d u c ts  b e in g  sh ip p ed , which in  t h i s  a p p l ic a t io n  a re  
m is s i le  crew s.
P a s t R esearch
L i t t l e  p a s t  re s e a rc h  i s  a v a i la b le  on th e  crew  t r a n s p o r t  problem . 
Major A rt Hanna f i r s t  su ggested  th e  problem  in  a  l i n e a r  programming 
sense  in  BA 69I ,  L in ea r Programming, a  sem inar o f fe re d  a t  th e  U n iv e rs ity  
o f  Montana MBA Program a t  Malmstrom AFB. ^ He proposed  t h a t  th e  s o lu t io n
^A rthur L. Hanna, J r . ,  "A Transhipm ent Model f o r  O ptim al 
V eh ic le  Use and M inim al M ile ag e ,"  December 6 , 1974.
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b e  a t t a in e d  by fo rm u la tin g  i t  a s  a tra n sh ip m e n t problem . H is p ro p o sa l 
d e s c r ib e d  th e  problem  o f  s i t e  sc h e d u lin g  and p o in te d  ou t such p e c u l i a r ­
i t i e s  a s  p re -p o s i t io n in g  o f  v e h ic le s .  A lthough no a ttem p t was made a t  
s o lv in g  th e  problem , h is  p ro p o sa l d id  a c t  a s  an im petus fo r  t h i s  r e ­
s e a rc h .
In  1973» C ap ta in s  W illiam  E. B ay less  and Carson E. Anderson
a tte m p te d  a system s a n a ly s is  o f  th e  crew  t r a n s p o r t  problem  a s  p a r t  o f
a U n iv e r s i ty  o f  Southern  C a l ifo rn ia  (USC) e x te n s io n  co u rse  a t  Malmstrom 
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AFB. T h is  p r o je c t  was q u a l i t a t i v e  in  n a tu re  and c e n te re d  on p roposed  
a l t e r n a t i v e  means o f  t r a n s p o r ta t io n  such  a s  b u se s . However, t h e i r  
work p ro v id ed  no q u a n t i ta t iv e  s o lu t io n  s u i ta b le  f o r  re p la n n in g  p u rp o ses .
A nother m odeling s tudy  was conducted  in  1975 in  a  s im ila r  USC 
e x te n s io n  co u rse  by a  group o f  o f f i c e r s  headed by C ap ta in  James H in es .^  
T h is  system s s tu d y  was b a s ic a l ly  a lo n g  th e  same l i n e s  a s  th e  p re v io u s ly  
m entioned p ap er.
On th e  b a s i s  o f  c o s t f ig u r e s  a lo n e , t h i s  s tu d y  s e le c te d  th e  
C h ev ro le t C a r ry a l l  t o  be th e  most econom ical o f  a l l  means o f  t r a n s p o r t ,  
a v a i la b le  a t  Malmstrom AFB. T his i s  n o t t o  im ply t h a t  a more econom ical 
v e h ic le  i s  n o t a v a i la b le  on th e  m arke t. However, i t  was n o t th e  purpose 
o f  t h i s  s tu d y  t o  make such a d e te rm in a tio n .
^W illiam  E. B ay less  and Carson E. A nderson, "A Systems 
A n a ly s is  o f  Crew T ra n s p o r ta tio n  M ethods,” May 2 , 197^.
3"F” Team, "Systems A n a ly s is  R eport f o r  SSM 665 , ”
May 1, 1975.
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CHAPTER I I  
A MISSILE CREW TRANSPORT MODEL
The model chosen f o r  t h i s  pap er was a  t r a n s p o r ta t io n  l i n e a r  
programming fo rm u la tio n . I t s  o r ig in s  w ere in  th e  more s p e c i f i c  form  
o f  a  tra n sh ip m e n t ty p e  o f  t r a n s p o r ta t io n  problem . The p r in c ip a l  
a c t i v i t y  o f  t h i s  model i s  th e  d a i ly  d is p a tc h in g  o f  m is s i le  crew s 
from Malmstrom AFB th roughou t th e  m is s i l e  com plex. In p u ts  a re  crews 
and v e h ic le s ,  and o u tp u ts  c o n s is t  o f  o p tim a l r o u t in g s ,  crews p e r  
v e h ic le  and number o f  v e h ic le s .
The number o f  crews in p u te d  i s  a c o n s ta n t o f  tw en ty  p e r  day. 
M ileage t r a v e le d  i s  v a r ia b le  due t o  th e  s iz e  o f  th e  m is s i le  complex 
and th e  numerous p o s s i b i l i t i e s  o f  d is p a tc h in g  crew s. S ince i t  i s  
p o s s ib le  f o r  a s  many a s  th r e e  crews t o  t r a v e l  i n  one v e h ic le  and be 
ro u te d  th ro u g h  two s i t e s  t o  a f i n a l  d e s t i n a t io n ,  th e  number o f  
v e h ic le s  i s  a l s o  v a r ia b le .
The t r a n s p o r t  model has th e  fo llo w in g  b a s ic  form:
M inim ize: m ileage t r a v e le d  and number o f  v e h ic le s
S u b je c t to ;  c o n s t r a in ts  im posed by v e h ic le  r e q u i r e ­
m ents, p a ssen g e r l i m i t a t i o n s  and number 
a v a i la b le ;  c o n s t r a in t s  c re a te d  by crew 
demand; and c o n s t r a in t s  re q u ire d  t o  l in k  
th e  v e h ic le  and crew  c o n s t r a in t s .
The s e le c t io n  o f  l i n e a r  programming a s  a s o lu t io n  te c h n iq u e  has 
made th e  outcome o f  t h i s  problem  s u b je c t  t o  c e r t a in  o f  i t s  p r o p e r t i e s .  
The e f f e c t s  a r e  a s  fo llo w :
1. The a d d i t i v i t y  o f  th e  o u tp u t im p lie s  t h a t  th e  f i n a l  s o lu t io n
6
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w i l l  be  a r e a l i s t i c  f ig u r e  o f  a c tu a l  m ileages t r a v e le d .
2, P r o p o r t io n a l i ty  in d ic a te s  t h a t  th e  o b je c tiv e  fu n c tio n  and 
c o n s t r a in t  s e t  w i l l  have a s  much r e l i a b i l i t y  co nce rn ing  a 
sm a ll a p p l ic a t io n  o f  th e  model a s  a  la rg e  one. T h is  f a c t  
i s  f u r th e r  su p p o rted  by th e  method o f  model v a l id a t io n  
d e sc r ib e d  l a t e r ,
3. The p ro p e r ty  o f  d i v i s i b i l i t y  in d ic a te s  t h a t  s o lu tio n  v a lu e s  
need n o t b e  in te g e r -v a lu e d .  The im pact o f  t h i s  s ta tem en t 
i s  ex p lo red  l a t e r ,  b u t i t  i s  an u n fo r tu n a te  drawback o f  a 
l i n e a r  programming fo rm u la tio n  o f  th e  problem  a t  hand.
The a p p l i c a b i l i t y  o f  l i n e a r  programming a s  a s o lu tio n  te c h n iq u e  
i s  su p p o rted  by th e  s i m i l a r i t y  o f  th e  problem  to  th e  g e n e ra l c la s s  
o f  f ix e d -c h a rg e  t r a n s p o r ta t io n  p roblem s, in  which m s u p p lie r s  can 
s h ip  t o  n d e s t in a t io n s  a t  f ix e d  sh ip p in g  c o s ts .  S tu d ie s  such a s  th e  
one by Gray p o in t  ou t th e  s im i l a r i t y  o f  t h i s  p ro b lem 's  fo rm u la tio n  
t o  o th e r  f ix e d - c o s t  t r a n s p o r ta t io n  p rob lem s.^  A nother s tu d y  Tqy 
K ennington p o in te d  ou t th e  need f o r  an in te g e r  programming s o lu t io n  
a lg o rith m  f o r  th e  f ix e d -c h a rg e  p rob lem .^  T h is  i s  a  d e f ic ie n c y  in  th e  
p re s e n t  a p p l ic a t io n  a s  p o in te d  ou t above.
IP a u l G ray, "Exact S o lu tio n  o f  th e  F ixed-C harge T ra n s p o r ta ­
t i o n  Problem , " O p era tio n s  R esea rch , O ctober 1971» pp. 1529-1538.
2j .L . K ennington, "G roup-T heoretic  S tru c tu re  i n  th e  
F ixed-C harge T ra n s p o r ta t io n  P ro b lem ," O p era tio n s  R esearch , Septem ber
1973, pp. 1142-1153.
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O rig in s  o f  th e  Model
The p o s s i b i l i t y  o f  more th a n  one crew  b e in g  t r a n s p o r te d  In  a 
v e h ic le  ro u te d  th rough  v a r io u s  s i t e s  I n d ic a te d  t h a t  th e  problem  m ight 
b e  modeled a c c u ra te ly  a s  a tra n sh ip m e n t problem . The tran sh ip m en t 
fo rm u la tio n  i s  c lo s e ly  r e l a t e d  t o  th e  t r a n s p o r ta t io n  problem  w herein  
th e r e  a r e  supp ly  so u rces  and demand d e s t i n a t io n s .  However, tran sh ip m en t 
a llo w s  f o r  th e  a d d i t io n a l  a s p e c t o f  each d e s t in a t io n  a c t in g  a s  a so u rce . 
The fo llo w in g  example su p p o rts  th e  u se  o f  a  tra n sh ip m e n t problem  form u­
l a t i o n  t o  so lv e  t h i s  crew t r a n s p o r t  problem .
Suppose t h a t  th r e e  crew s le a v e  Malmstrom in  a s in g le  v e h ic le .  T h e ir  
f i r s t  d e s t in a t io n  i s  th e  IÆF A lpha ; once th e r e ,  th e  d e s t in a t io n  o f  th e  
two rem ain ing  crews i s  th e  LCF Bravo, and o f  th e  f i n a l  crew , th e  LCF 
C h a r lie , The crews going t o  Bravo and C h a r l ie  w ere, i n  f a c t ,  t r a n s h ip p e d  
th ro u g h  Alpha s in c e  i t  a c te d  a s  a  so u rce  f o r  f u r th e r  sh ipm ent.
The g e n e ra l fo rm u la tio n  fo llo w ed  f o r  th e  o r ig in  o f  t h i s  model i s  
th e  tran sh ip m en t problem  p re s e n te d  in  M i l l i e r  and L iberm an 's  
In tro d u c t io n  t o  O pera tio n s  R esea rch .^
The fo rm at used  In  t h i s  a p p l ic a t io n  i s  g iv en  In  Appendix I .  I t s  
sample o u tp u t, shown in  F ig u re  2 , i s  f o r  th e  ^ 6 4 th  Squadron. As th e s e  
r e s u l t s  d em o n stra te , th e  c o s ts  a s s o c ia te d  w ith  segm ents over which more 
th a n  one crew t r a v e l  a re  m u l t ip l ie d  by th e  number o f  crews in v o lv e d . 
A d d it io n a lly ,  a s  shown in  F ig u re  2 , two crew s p re p o s it io n e d  a t  Papa 
do n o t t r u l y  r e p re s e n t  a p re p o s it io n e d  v e h ic le ,  b u t  r a th e r ,  s im u la te
% i l l i e r  and Liberm an, I n t ro d u c t io n  t o  O p era tio n s  R esearch  
(San F ra n c isc o : Holden-Day, I n c . ,  19&7), pp . 19^-198.
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Segment
1-5 
5 -4  
1-2
2-3
2-6
Model O utput 
M iles Crews
55
15
68
20
]8
2
1
3
1
1
A ctu a l M ileage = I 96 m ile s
Cost (M iles X  Crews)
110
15
68
20
] 8
251 m ile s
F ig . 2 . —Sample o u tp u t o f  T ranshipm ent A n aly s is
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p re p o s it io n in g .
A d d itio n a l L im ita tio n s  o f  th e  T ra n sp o rt Model
/
The c l a s s i c a l  tra n sh ip m e n t fo rm u la tio n  c l e a r ly  needed e x tra  
c o n s t r a in ts  t o  more fulU ^ s im u la te  th e  a c tu a l  a c t i v i t y  o f t r a n s p o r t in g  
crews t o  th e  m is s i l e  complex. The need f o r  a more com plete model was 
p o in te d  out by th e  succeed ing  d e f ic ie n c ie s i
1. No c o n s tr a in t  was p u t on th e  number o f  v e h ic le s  a v a i la b le .  
T h e o re t ic a l ly ,  i f  f iv e  s i t e s  were e q u id is ta n t  from th e  Base, 
f iv e  p a th s  and f i v e  v e h ic le s  would b e  u sed .
2. No l im i t  was p u t on th e  number o f  crew s b e in g  tra n sh ip p e d  
th ro u g h  a g iven  s i t e .
3 . The o b je c tiv e  fu n c tio n  v a lu e  was n o t a  t r u e  in d ic a t io n  o f  
m ileage t r a v e le d .
The f u l l  developm ent o f  th e  g e n e ra l t r a n s p o r t  model had t o  
in c lu d e  a l l  o f  th e s e  a d d i t io n a l  l i m i t a t i o n s ,  and i s  d e sc r ib e d  in  th e  
n e x t s e c t io n .
Model V a r ia b le s  and P aram eters
The la rg e  model had 200 v a r ia b le s  and l 4 l  c o n s t r a in t s .  These 
were u sed  f o r  a n a ly s is  o f  b o th  th e  two e a s te rn  and th e  two w este rn  
squadrons. As was p o in te d  ou t in  CHAPTER I ,  b ecau se  o f  th e  
d is ta n c e  s e p a ra t in g  th e  two p a i r s  o f  squad rons, i t  i s  sugg ested  t h a t  
each s e t  be t r e a te d  a s  a s e p a ra te  problem . The v a r ia b le s  i n  th e  
model a r e  th e  m ileages s e p a ra t in g  p a i r s  o f  LCFs. And s in c e  th e  
number o f  LCFs i s  th e  same f o r  b o th  p a i r s  o f  squad ro n s, th e  same
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
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g e n e ra l model can be u sed  t o  so lv e  what am ounts t o  two s e p a ra te  t r a n ­
shipm ent p roblem s. T ab le 1 g iv es  a com plete d e s c r ip t io n  o f  each 
v a r ia b le  and shows th e  u se  o f  th e  model in  w hich i t  i s  in v o lv ed . The 
succeed ing  model d e s c r ip t io n  i s  g e n e ra l in  n a tu r e .  I t s  form i s  a p p l ic ­
a b le  f o r  th e  la rg e  model, o r f o r  th e  sm all one u sed  in  v a l id a t io n .  
F ig u re  3 g iv es  th e  r e l a t io n s h ip  o f  th e  i n t e r p la y  betw een th e  v a r ia b le s  
and p a ram ete rs  o f  th e  model.
2 3  -
= 27
F ig , 3 , —Model V a r ia b le s  and P aram eters
O n e-h a lf (100) o f  th e  v a r ia b le s  d e a l  w ith  v e h ic le  assignm en ts  and
have th e  form a s  fo llo w s :
= assignm ent o f  a v e h ic le  frcan i  t o  j
w here i  = 1 , 2 , . , , ,  n ,  n+1 p o in ts
j  = 2 , 3 , . ,  n , n+1 s i t e s
T h e ir  number f o r  a  g iven number o f  s i t e s ,  o r  n , i s  determ ined  by th e  v a r -
p
i a b l e  n . For th e  assignm ent netw ork, t h e r e  w i l l  be n+1 p o in ts ;  t h a t  i s ,
n s i t e s  p lu s  Malmstrom, where i  = 1 = Malmstrom.
The number o f  crew v a r ia b le s  eq u a ls  th e  number o f  v e h ic le  v a r ia b le s
in  th e  g e n e ra l model, and has th e  fo llo w in g  form :
Yj_j = number o f  crews o f  th e  Xj^j assignm ent
where i  = 1 , 2 , n ,  n +1 p o in ts
j  = 2 , 3 » ..  n , n +1 s i t e s
P aram eters i n  th e  model c o n s is t  o f  th e  c o s ts  o f  t r a n s p o r t  betw een 
a  p a i r  o f  LCFs. These c o s ts  appear a s  fo llo w :
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TABLE 1
SPECIFICATION OF MODEL VARIABLES
VARIABLE^
VARIABLE DEFINITION
COMPUTER^
OUTPUT
LARGE MODEL 
EAST 
FROM TO
WEST 
FROM TO
SMALL MODEL 
COMPUTER 564th  Sqd 
OUTPUT FROM TO
%12 1 M A M F 1 M P
2 M B M G 2 M Q
3 M C M H 3 M R
Xl5 4 M D M I 4 M S
^16 5 M E M J 5 M T
X17 6 M K M P
%18 7 M L M Q
%19 8 M Ml M R
%110 9 M N M S
%111 10 M 0 M T
X23 11 A B F G 6 P Q
X24 12 A C F H 7 F R
X25 13 A D F I 8 P S
I 26 14 A E F J 9 P T
X27 15 A K F P
X28 16 A L F Q
% 9 17
A M F R
X210 18 A N F S
%211 19 A 0 F T
^32 20 B A G F 10 Q P
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TABLE 1—C ontinued
VARIABLE^
VARIABLE DEFINITION
COMPUTER^
OUTPUT
LARUE m U ET 
EAST 
FROM TO
WEST 
FROM TO
SMALL MODEL 
COMPUTER 564th  Sqd. 
OUTPUT FROM TO
21 B C G H 11 Q R
^35 2£ B D G I 12 Q
S
X36 23 B E G J 13 Q T
X37 24 B K G P
%38 25 B L G Q
X39 26 B M G R
I 310 27 B K G S
%311 28 B 0 G T
29 C A H F 14 R P
X43 30 C B H G 15 R Q
X45 31 C D H I 16 R S
X46 32 C E H J 17 R T
33 C K H P
X48 34 C L H Q
35 C M H R
^ 1 0 36 C N H S
x/4,11 37 c 0 H T
%52 38 D A I F
18 S P
X53 39 D B I G 19
S Q
X54 40 D C I H 20 S R
^56 41 D E I J 21 S T
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TABLE 1 — C o n t i n u e d
VARIABLE DEFINITION
VARIABLE ^
COMPUTER^
OUTPUT
LARGE MODEL 
EAST 
FROM TO
WEST 
FROM TO
SMALL MODEL 
COMPUTER 5 6 4 th  Sqd. 
OUTPUT FROM TO
^57 42 D K I P
43 D L I Q
X59 4 4 D M I R
X510 45 D N I S
%511 4 6 D 0 I T
% 2 47 E A J F 22 T P
^63 4 8 E B J G 23
T Q
49 E C J H 24 T R
%65 50 E D J I 25
T S
%67 51 E K J P
%68 52 E L J Q
^69 53 E M
J R
%6 lO 54 E N J S
%6 l l 55 E 0 J T
X72 56 K A P F
X73 57 K B P G
58 K C P H
X75 59 K D P I
X 76 60 K E P J
^78 61 K L P Q
X 79 62 K M P R ■
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TABLE 1—C ontinued
VARIABLE
VARIABLE DEFINITION
LARGE MODEL 
COMPUTER EAST WEST
OUTPUT FROM TO FROM TO
SMALL MODEL 
COMPUTER 564th  Sqd.
OUTPUT FROM TO
%710 63 K N P S
%711 64 K 0 P T
%82 65 L A Q F
X83 66 L B Q G
^84 67 L C Q H
^85 68 L D Q I
^86 69 L E Q J
%87 70 L K Q P
%89 71 L M Q R
%810 72 L N Q S
%811 73 L 0 Q T
%2 74 M A R F
X^3 75 M B R G
X94 76 M C R H
X93 77 M D R I
%96 78 M E R J
X97 79 M K R P
%98 80 M L R Q
%910 81 M N R S
%911 82 M 0 R T
%102 83 H A S F
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TABLE 1—C ontinued
VARIABLE'
VARIABLE DEFINITION
COMPUTER
OUTPUT
LARGE MODEL
EAST WEST
FROM TO FROM TO
SMALL MODEL 
COMPUTER 564 th  Sqd.
OUTPUT FROM TO
%103 84 N B S G
^104 ' 85 N C S H
%105 86 N D S I
%106 87 N E S J
%107 88 N K s P
%108 89 N L s Q
%109 90 N M s R
%1011 91 N 0 s T
%112 92 0 A T F
*113 93 0 B T G
%114 94 0 C T H
%115 95 0 D T I
%116 96 0 E T J
%117 97 0 K T P
%118 98 0 L T Q
%119 99 0 M T R
%1110 100 0 N T S
column.
&For crew  v a r ia b le s ,  s u b s t i t u t e  Y f o r  X in  th e  V a r ia b le  
^ o r  crew  v a r ia b le s ,  add 100 t o  th e  com puter o u tp u t number.
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Cjĵ j = m ile s  ( c o s t )  betw een p o in ts  i  and j
where i  = 1 , 2 , n ,  n+1 p o in ts
j  = 2 , 3 » .f n ,  n+1 s i t e s
C ost p a ram eters  a re  a p p l ie d  on ly  t o  th e  v e h ic le  v a r ia b le s .  The 
C ^ j 's  f o r  th e  crew v a r ia b le s  a r e  a l l  z e ro  t o  av o id  th e  m u ltip le  
e f f e c t s  no ted  in  th e  d e s c r ip t io n  o f  th e  pu re  tra n sh ip m e n t a n a ly s i s .
The fo llo w  th e  same p ro g re s s io n  a s  th e  I ^ j ' s  g iv e n , and th e
Y ^ j 's  r e f e r r e d  t o ,  i n  T ab le  1.
Model C o n s tra in ts
T here a re  th r e e  b a s ic  ty p e s  o f  c o n s t r a in t s  p re s e n t in  th e  model; 
( 1 ) th o s e  hav ing  t o  do w ith  v e h ic le s ,  ( 2 ) th o s e  d e a l in g  w ith  crew s, 
and ( 3 ) c o n s t r a in ts  r e q u ire d  t o  l i n k  th e  crew a s s ig n e d  t o  a d e s t in a t io n  
w ith  a v e h ic le  t r a v e l in g  from  some o th e r  so u rc e  t o  t h a t  same d e s t in a ­
t i o n .
The t o t a l  c o n s t r a in t  s e t  o r ig in a te d  in  th e  fo llo w in g  o rd e r :
1. One V eh ic le  p e r  S i t e  C o n s tr a in ts .
2 . V eh ic le  Sources from  V eh ic le  D e s tin a t io n s  C o n s tra in ts .
3 . V eh ic le  P re p o s it io n in g  C o n s t r a in t ( s ) .
4 . V eh ic le  Supply C o n s tr a in ts .
5 . One Crew p e r  S i t e  C o n s tr a in ts .
6 . V eh ic le  P assenger C o n s tr a in ts .
7. C rew /V ehicle L ink ing  C o n s tr a in ts .
The same c o n s t r a in ts  a r e  o f  co u rse  a p p l ic a b le  t o  b o th  th e  sm all 
and la rg e  m odels.
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One V eh ic le  p e r  S i t e  C o n s tra in ts
T h is  s e t  o f  c o n s t r a in t s  en su res  t h a t  th e r e  i s  an assignm ent o f  
a  v e h ic le  to  each s i t e .  The g e n e ra l form o f  th e s e  c o n s t r a in ts  i s  
p re s e n te d  in  th e  fo llo w in g  e q u a tio n : 
n+1
y* = 1 f o r  j  = 2, 3, n , n+1 s i t e s
( 1 ) i= l
e . g . : n = 5
X.p + X + X^j, + X + X , = 1 where j  = 2
^ 62 1 = Malmstrom
There w i l l  be  n o f  th e s e  c o n s t r a in ts  i n  a g iven  model a p p l ic a t io n .
V eh ic le  Sources from V eh ic le  D e s tin a tio n s  C o n s tra in ts
These c o n s t r a in ts  a s s u re  t h a t  v e h ic le s  w i l l  be su p p lie d  t o  a s i t e  
o n ly  from a n o th e r  LCF, o r  from Malmstrom. T h is  concep t has i t s  o r ig in s  
i n  th e  b a s ic  tran sh ip m en t theme th a t  each source  can a c t  as  a  supp ly  
p o in t .  In  m a th em atica l form , th e s e  c o n s t r a in ts  ap p ea r a s  fo llo w ;
n+1 n+1
L Xjçj < y ’ X̂ jç for  k = 2, 3f . • • » n, n+1 s i t e s  minusZ—I th e  s i t e ( s )  p icked fo r  p re -
j=2  i = l  p o s it io n in g  o f  v e h ic le s
( 2 ) j A  i^ k
From k To k
^23 ^24 ■*■̂ 25 ^26 -  ^12 ^32 ^42 ^52 ^  ^62
where k = 2; 1 = Malmstrom
The number o f  th e s e  c o n s tr a in ts  in  th e  model i s  v a r ia b le  due t o  th e
p re p o s i t io n in g  c o n s t r a in t s  which fo llo w . There w i l l  b e  a  maximum o f  n
o f  th e s e  c o n s t r a in t s .
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V eh ic le  P re p o s it io n in g  C o n s tr a in t ( s )
T h is  c o n s t r a i n t ( s ) cau ses  th e  p re v io u s  number o f  c o n s t r a in ts  t o
v a ry . E s s e n t i a l ly ,  t h i s  o ccu rs  because o f  a V eh ic le  P re p o s itio n in g
C o n s tr a in t ( s )  b e in g  s u b tra c te d  from th e  p re v io u s  c o n s t r a in t  s e t .  T h is
l i m i t a t i o n  i s  n e c e ssa ry  t o  a llo w  f o r  th e  p r e p o s i t io n in g  o f  a v e h ic le
a t  d i s t a n t  s i t e s  i n  o rd e r  t o  d e c re a se  m ileag e . The m a them atica l form
o f  t h i s  c o n s t r a in t  i s  s im i la r  t o  th e  p re v io u s  c o n s t r a in t  s e t :
n+1 n+1
Xjçj < y  + 1 f o r  k = s i t e s  p ic k ed  fo r
Z-i Z_i p r e p o s i t io n in g  o f
( 3 ) j =2 i = l  a v e h ic le
j A  i A
^23 * ^24 ^25 ^26 -  ^12 ^32 \ z  ^52 ^62 ^
w here k = 2; 1 = Malmstrom
The number o f  such  c o n s t r a in ts  in c lu d ed  i n  th e  model i s  d e t e r ­
mined by in s p e c t io n .
The sum o f  th e  V e h ic le  P re p o s itio n in g  C o n s tr a in ts  and th e  V eh ic le  
Source from  V eh ic le  D e s tin a t io n  C o n s tra in ts  a lw ays e q u a ls  n .
V eh ic le  Supply C o n s tr a in ts
One o b je c t iv e  o f  t h i s  r e s e a rc h  i s  t o  d e c re a s e  th e  number o f
v e h ic le s  u sed  d a i ly .  C onsequen tly , t h i s  c o n s t r a in t  i s  employed to
c o n t ro l  th e  number o f  v e h ic le s  a v a i la b le  from  Malmstrom. The ensu ing  
fo rm at a p p l ie s :
(4 )
n+1
y  Xj^j = C where C = c o n s ta n t number o f  v e h ic le s
j =2
e . g . : n  = 5 , C = 3
XjL2 + ^13 + X^2̂  + X^^ + = 3 where 1 = Malmstrom
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There i s  one o f  th e s e  c o n s t r a in ts  in  any fo rm u la tio n  o f  th e  problem .
One Crew p e r  S i t e  C o n s tra in ts
T his s e t  i s  ta k en  from th e  ex ac t fo rm u la tio n  o f  a demand c o n s t r a in t  
found in  th e  g e n e ra l tran sh ip m en t problem  t y  H i l l i e r  and Liberman, 
m entioned p re v io u s ly . The amount demanded w i l l  alw ays equal one, th e  
number o f  crew s r e q u ire d  a t  each s i t e .  T h is  c o n s t r a in t  has th e  fo llo w ­
in g  form ats
n+1 n+1
y  Y ĵç -  1 k = 2 , 3 , . . . ,  n , n+1 s i t e s
( 5 ) j =2 i= l
j?^k i?^k
From k To k
* ^24 +  ^̂ 25 + ^26 '  +  \ z  * ^52
k = 2 ; 1 = Kalrastrom
There i s  a demand eq u a tio n  f o r  every  s i t e ,  hence , th e re  a r e  n  o f  
th e s e  demand c o n s t r a in ts  in  th e  g e n e ra l fo rm u la tio n  o f  th e  model.
V eh ic le  P assen g er C o n s tra in ts
As p re v io u s ly  s t a t e d ,  th e  number o f  crews b e in g  d isp a tc h e d  in  a 
g iven  v e h ic le  i s  l im ite d  t o  th r e e .  C onsequen tly , a  s e t  o f  c o n s t r a in ts  
i s  needed t o  l i m i t  th e  number o f  crews le a v in g  Malmstrom in  one v e h ic le  
t o  a t  most t h r e e .  The makeup o f t h i s  s e t  fo llo w s ;
Yj^j < 3 j  = 2 , 3, n , n+1 s i t e s  where 1 = Malmstrom
( 6 ) e . g . ;  j  = 2
?12  < 3
There a r e  n  o f  th e s e  c o n s t r a in ts  in  th e  m odel.
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C rew /V ehicle L ink ing  C o n s tra in ts
These c o n s t r a in t s  a re  re q u ire d  t o  in s u re  t h a t  a crew v a r ia b le  i s
in  s o lu t io n  a lo n g  w ith  a v e h ic le  v a r ia b le  going  betw een a g iven  p a i r
o f  p o in t s .  S ince  th e  o b je c t iv e  f u n c t io n 's  pu rpose  i s  t o  m inim ize c o s t ,
th e  im p lic a tio n  i s  t h a t  p rim arily / crew  v a r ia b le s  would come in to
s o lu t io n  because  o f  t h e i r  ze ro  c o s t f a c t o r .  T h e re fo re , by l in k in g
com plem entary v e h ic le  and crew v a r ia b le s ,  th e  s o lu t io n  t o  a g iven  model
a p p l ic a t io n  c o n ta in s  th e  t r u e  c o s t i n  m ile s .  T h is  s e t  o f  c o n s t r a in t s
a llo w s  e i t h e r  th r e e ,  tw o, o r one crews to  t r a v e l  betw een two s i t e s
o n ly  i f  th e  v a lu e  o f  th e  v e h ic le  a s s ig n e d  i s  one. The g en e ra l fo rm at
o f  t h i s  c o n s t r a in t  s e t  i s  a s  fo llo w s :
Y . . < 3 Y .. f o r  i  = 1, 2 , n , n+1 p o in ts
^ j  = 2 , n ,  n+1 s i t e s
( 7 )  ±4ù
e . g . :  j  = 2
^12 — ^ 1 2  w here 1 = Malmstrom
The l i n e a r  programming p ro p e r ty  o f  l i n e a r i t y  in p l i e s  t h a t  th e  X ^ j 's  
and Y ^ j 's  a r e  n o t l im i te d  t o  in te g e r  v a lu e s .  Thus, t h i s  model would be 
ex p ec ted  t o  g ive  in te g e r -v a lu e d  s o lu t io n s  o n ly  th ro u g h  an in te g e r  
programming code. S ince  no codes a r e  a v a i la b le  a s  a re so u rc e  t o  t h i s  
p r o je c t ,  th e  im p lic a tio n s  o f  t h i s  c o n s t r a in t  s e t  canno t be f u l l y  ap p re ­
c ia te d .  T here a re  n^ o f  th e s e  c o n s t r a in ts  i n  th e  fo rm u la tio n  o f  t h i s  
m odel, w here n eq u a ls  th e  number o f  s i t e s .
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Model O b jec tiv e  F unction
The o b je c tiv e  fu n c tio n  seek s  t o  m inim ize th e  c o s t ,  in  te rm s o f  
m ile s , o f  t r a n s p o r t in g  m is s i l e  crew s. C osts a r e  a l lo c a te d  only  to  
th e  v e h ic le  v a r ia b le s ,  w h ile  th e  crew v a r ia b le s  have zero  c o s t .  T h is  
g r e a t ly  s im p l if ie s  th e  t a s k  o f  com puting th e  ex ac t c o s t  o f  t r a n s p o r t in g  
a crew between two s i t e s  in  th e  m is s i l e  complex. The o b je c tiv e  fu n c tio n  
has th e  g e n e ra l a lg e b ra ic  form  below:
n+1 n+1 n+1 n+1
Minimize Z =
Model V a lid a tio n
Once proposed , th e  a lg e b r a ic  fo rm u la tio n  o f  th e  model re q u ire d
v a l id a t io n  to  en su re  a l l  c o n s t r a in t s  w ere a p p ro p r ia te  t o  th e  d e s ire d
ty p e  o f  s o lu t io n .  The la r g e  model re q u ire d  th e  u se  o f  c o n s id e ra b le
com puter core  c a p a c ity . Computer r e s o u rc e s . a v a i la b le  a t  th e  AFIT
Detachment a t  Malmstrom AFB c o n s is t  o f  a  PDP-11/E  10. I t s  16K co re  i s
4
n o t ad eq u a te  f o r  th e  la rg e  problem  fo rm u la tio n . C onsequently , th e  
d e c is io n  was made to  d e v ise  a sm a ll a p p l ic a t io n  f o r  one squadron , th e  
564 th . I t  was f e l t  t h a t  th e  r e s u l t s  o f  a sm all a p p l ic a t io n  would 
ad e q u a te ly  e v a lu a te  th e  c o n s t r a in t s  o f  th e  model and g iv e  answ ers 
analogous t o  a la rg e  a p p l ic a t io n .
A c tu a l com puter co re  c a p a c ity  requ irem en t f o r  th e  la rg e  
fo rm u la tio n  i s  4lK , th e  l i m i t  s e t  l y  th e  SIGMA. 7 com puter a t  Montana 
S ta te  U n iv e rs ity , Bozeman, Montana.
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Appendix I I  g iv es  th e  com position  o f  th e  model f o r  th e  
Squadron. The o u tp u t i s  g iven  in  F ig u re  4 , V eh ic le  p re p o s it io n in g  
was s e le c te d  f o r  Papa because  o f  i t s  d is ta n c e  from  Malmstrom and i t s  
p ro x im ity  t o  th e  Tango and Quebec LCFs. A ll  c o n s t r a in t s  were e x e rc is e d , 
and perfrom ed a s  ex p ec ted . The o b je c t iv e  fu n c tio n  v a lu e  was c o n s is te n t  
w ith  m ileag es  in  Appendix I I I .  A lso , th e  d e f ic ie n c ie s  o f  th e  p u re  
tra n sh ip m e n t fo rm u la tio n  w ere overcome.
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„ 1 crew  
1 v e h ic le
crew
v e h ic le
crew s
v e h ic le
1 crew , 1 v e h ic le
2 crews 
1 v e h ic le
Model O utput
Segment C o s t(M ile s)
55
15
68
20
1-5 
5 -4  
1-2
2-3 
2-6
196 m ile s  
A c tu a l M ileage = I 96 m ile s
F ig . 4 . —O utput o f  t r a n s p o r t  model v a l id a t io n
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CHAPTER I I I  
PRACTICAL APPLICATION OF THE MODEL
The second o b je c t iv e  o f  t h i s  s tu d y , sa v in g  c o s ts  in  crew t r a n s ­
p o r t ,  was approached  by ap p ly in g  th e  p roposed  model t o  th e  e n t i r e  3 ^ 1 st 
S t r a t e g ic  M is s i le  Wing. As p re v io u s ly  m entioned , th e  method chosen 
was t o  t r e a t  th e  squadrons t o  th e  e a s t  o f  Malmstrom ( th e  490 th  and 10 th ) 
and to  th e  w est ( th e  12th  and 5 64 th ) a s  s in g le  problem s. The r e s u l t s  
o f  each a p p l ic a t io n  were th en  combined to  g iv e  c o s t f ig u r e s  f o r  th e  
e n t i r e  Wing.
A n a ly t ic a l  D e s c r ip tio n
The o b je c t iv e  fu n c tio n  f o r  a p a i r  o f  squadrons had  th e  fo llo w in g  
fo rm at :
11 11 ^  V
M inim ize Z = ^  ^  Ĉ  j + 0
i t f  i : i  j : 2
iî^ j W j
The v a lu e s  o f  th e  C ^ j 's  a r e  g iven  in  T ab le  H X -1 and T ab le  I I I - 2  o f 
Appendix I I I ,  f o r  th e  E a s te rn  and W estern squad rons, r e s p e c t iv e ly .  The 
o b je c t iv e  fu n c tio n  c o n ta in e d  200 v a r i a b le s ,  o f  which 100 were f o r  v e h ic le s  
and 100 f o r  crew s. The o b je c tiv e  fu n c tio n  was t o  be m inim ized s u b je c t  
t o  th e  fo llo w in g  ty p e  o f  c o n s t r a in ts  ( r e p r e s e n ta t iv e  o f  LCF number j ) .
A V eh ic le  P re p o s i t io n in g  C o n s tra in t was assumed t o  be r e q u ire d  f o r  LCF 
number s ix .
25
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CONSTRAINT TYPE NUMBER OF CONSTRAINTS
One V eh ic le  per S i t e :
11
V  X-i i  = 1 f o r  a l l  LCFs 10
k
V eh ic le  Sources from V eh ic le  D e s tin a t io n s :
11 U
^ ik  f o r  a l l  LCFs 9
I ?  i g  ex cep t 6
V eh ic le  P re p o s itio n in g :
U  ^ 11
V  X , . -  V  X ,  + 1 f o r  LCF No. 6 1
Z-. o j  i6
j=2 i ^
j?^k i^ k
V eh ic le  Supply:
11
£ X , = 4 f o r  Malmstrom 1
One Crew p e r  S i te :
)  Y., -  ) I ,  . = 1 f o r  a l l  LCF's
i& r  I k  jS2 kJ
±4k j ^ k
C rew /V ehicle L ink ing ; 
+
W j
10
V eh ic le  P assenger:
Y^j < 3 f o r  a l l  LCF's 10
-   Y^j < 0 f o r  a l l  i j  p a i r s  100
T o ta l;  141
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As im p lic a te d  by th e  200 v a r ia b le s  and 1^1 c o n s t r a in t s ,  th e  
problem  s i z e  demanded th e  u se  o f  c o n s id e ra b le  com puter c o re , A 
d e s c r ip t io n  o f  th e  com puterized  form o f  th e  model i s  g iven  in  Appendix 
IV. In c lu d e d  i s  a  d e s c r ip t io n  o f  th e  FORTRAN m a tr ix  g e n e ra to r  th a t  
was w r i t t e n  t o  a llo w  e f f i c i e n t  and qu ick  d a ta  in p u t .  The s im i la r i ty  
o f  a p p l ic a t io n  t o  th e  two p a i r s  o f  squadrons r e q u ire d  t h a t  o n ly  th e  
o b je c t iv e  fu n c tio n  c o e f f i c ie n t s  and ch o ice  o f  p re p o s it io n e d  v e h ic le  
c o n s t r a i n t ( s )  b e  changed f o r  v a r io u s  s o lu t io n s .
Computer In p u t/O u tp u t A n a ly s is
The la r g e  a p p l ic a t io n s  o f  th e  model w ere so lv ed  by MFQR, a  l a r g e -  
s c a le  l i n e a r  programming code. I d e a l ly ,  th e  problem  shou ld  have 
u t i l i z e d  an  in teger-p rog ram m ing  code, which a llo w s  o n ly  in te g e r -v a lu e d  
v a r ia b le s  in  s o lu t io n .  However, a code o f  th e  s iz e  needed was n o t 
a v a i la b le .  C onsequen tly , an a tte m p t was made by th e  mode o f  d a ta  in p u t 
t o  overcome th e  ex p ec ted  n o n - in te g e r  s o lu t io n  v a r i a b le s .  The fo llo w in g  
example e x p la in s  th e  method u sed  to  c ircum vent th e  n o n - in te g e r  v a lu e s  
in  s o lu t io n .
C onsider th e  tw o E a s te rn  squadrons, th e  10 th  and th e  4 9 0 th . The
V eh ic le  Supply  C o n s tra in t  s p e c i f i e s  th e  number o f  v e h ic le s  a v a i la b le
from Malmstrom. I f  th e  c o n s t r a in t  eq u a ls  a sm a ll number such a s  fo u r ,
th e  n e a r e s t  s i t e s  (A lpha, Bravo and C h a r l ie )  a r e  a l lo c a te d  whole v e h ic le s ,
w h ile  th e  f a r t h e s t  s i t e s  (M ike, Echo and O scar) a re  a l lo c a te d  f r a c t io n s
o f  v e h ic le s .  However, i f  a  la r g e  number o f  v e h ic le s  such a s  seven i s
s u p p lie d , th e  n e a re r  s i t e s  a re  s t i l l  a l lo c a te d  th e  same v e h ic le s ,  b u t 
th e  f a r t h e r  s i t e s  a re  a b le  t o  u t i l i z e  whole v e h ic le s  due t o  th e  excess
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number a v a i la b le .  An in te rm e d ia te  number o f  v e h ic le s  such a s  f iv e  g iv es  
in te g e r -v a lu e d  s o lu t io n s  t o  v e h ic le  a l lo c a t io n s  between in te rm e d ia te  s i t e s .  
These s i t e s  a re  d e f in e d  a s  th e  f a r t h e s t  s i t e s  o f  th e  c lo s e s t  squadron 
to  Kalmstrom and th e  n e a r e s t  s i t e s  o f  th e  f a r t h e s t  squadron from th e  
Base. By com bining th e  com puter o u tp u ts  t h a t  u se  d i f f e r e n t  v e h ic le  
a v a i l a b i l i t i e s ,  com posite a l t e r n a t i v e s  t o  th e  p re s e n t method were 
fo rm u la ted . Throughout th e s e  v a r io u s  model s o lu t io n s  th e  p re p o s it io n in g  
o f  v e h ic le s  was a l s o  v a r ie d .  The f i n a l  r e s u l t  was an i t e r a t i v e  p ro c e ss  
from which a  s in g le  a l t e r n a t iv e  evo lved  th a t  combined th e  l e a s t  number 
o f  v e h ic le s  and b e s t  s i t e s  fo r  v e h ic le  p re p o s i t io n in g .  The v a r ia b le s  
o f  v e h ic le  number and p r e p o s i t io n in g  in  t h i s  f i n a l  s o lu tio n  were th e n  
used  as  in p u ts  in  a  f i n a l  com puter ru n . The r e s u l t i n g  s o lu t io n  gave a 
f i n a l  re in fo rc em en t o f  th e  i t e r a t i v e  p ro c e ss  d e s c r ib e d . However, t h i s  
outcome was a ls o  s u b je c t  t o  th e  p o s s i b i l i t y  o f  n o n - in te g e r  v a lu ed  
s o lu t io n  v a r ia b le s .  T h e re fo re , i n  o rd e r  t o  o b ta in  a  f i n a l  a l t e r n a t iv e  
c o n ta in in g  r e a l i s t i c  in te g e r  v a lu e s ,  a  v i s u a l  in s p e c t io n  p ro cess  was 
used  t o  e l im in a te  a l l  n o n - in te g e r  v a lu e s .
E s s e n t ia l ly ,  t h i s  p ro cess  in v o lv e d  lo o k in g  a t  th e  n o n - in te g e r  
v a r ia b le s  in  s o lu t io n .  These v a r i a b le s  f o r  an in te g e r  s o lu t io n  had to  
be e i t h e r  d r iv e n  t o  ze ro  o r  some p o s i t i v e  in t e g e r  v a lu e . In  th e  
com puter o u tp u ts  g ra p h ic a l ly  shown in  F ig u re s  5 and 6, th e  th r e e -  
te n th s  o f  v e h ic le s  were made zero  and th e  s e v e n - te n th s  given a u n i t  
v a lu e . In  th e  case  o f  th e  W estern squad rons, t h i s  a l t e r a t i o n  o f  th e  
f i n a l  com puter o u tp u t r e s u l t e d  in  a  t r a n s p o r ta t io n  netw ork e s s e n t i a l l y  
th e  same a s  th e  f i n a l  outcome su g g es ted  by th e  i t e r a t i v e  p ro c e ss . The 
E a s te rn  squadrons r e q u ire d  some a d d i t io n a l  m an ip u la tio n  fo r  th e  f i n a l  
a l t e r n a t iv e  p ro p o sa l. T h is  was due m ain ly  t o  th e  g r e a te r  number o f
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E a s te rn  ICFs c lo s e r  t o  Malmstrom,
The o u tp u t o f  a l l  com puter ru n s  i s  g iven  in  Appendix V. The 
proposed  f i n a l  a l t e r n a t i v e  s o lu tio n  i s  g iven in  T ab le  2 and F ig u re  ? . 
P re p o s itio n e d  v e h ic le s  a r e  lo c a te d  a t  Papa and Mike LCFs. T h is  c o n t r a s t s  
w ith  th e  p re s e n t  method found in  F ig u re  1.
A n a ly s is  o f  C ost Savings
The a l t e r n a t i v e  crew t r a n s p o r ta t io n  netw ork p roposed  was w orthw hile  
on ly  i f  th e  t o t a l  m ileag e  a n d /o r  number o f  v e h ic le s  was d ec reased . T able 
3 g iv es  a com parison o f  c u r re n t  d a i ly  m ileage and v e h ic le  req u ire m en ts  
v e rsu s  th o s e  p roposed  a s  a r e s u l t  o f  t h i s  s tu d y . T rue d a i ly  c o s t  sav ­
in g s  r e q u ir e  t h a t  one-way m ileage t o  th e  m is s i le  complex be d o u b le d , 
s in c e  crew s r e tu r n  from , and d e p a r t t o ,  th e  LCFs d a i ly .
TABLE 3
COMPARISON OF CURRENT AND ALTERNATIVE TRANSPORT METHODS
Number o f  V eh ic le s D a ily  M ileage
C urren t Method 12 1818
A lte rn a t iv e  Method 10 1682
Savings 2 136
These r e s u l t s  c l e a r l y  d em o n stra te  im provem ents in  b o th  m ileage and 
v e h ic le  re q u ire m e n ts .
A c tu a l c o s t  sa v in g s  w ere based  on th e  in fo rm a tio n  given  in  T ab le  4^.
1In fo rm a tio n  su p p lie d  by th e  341 st T ra n s p o r ta t io n  Squadron, 
f o r  th e  t h i r d  q u a r te r  o f  F i s c a l  Y ear 1975»
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TABLE 2
CURRENT VERSUS PROPOSED ONE-WAY MILEAGES
E a s t
C u rren t Proposed
M t o A = 27 M to A = 27
A to B = 23 A to B = 23
M t o C = 64 M t o C = 64
C t o D = 46 C t o L = 39
c t o E = 71 L t o K = 18
M to M = 94 M to M = 94
M t o N = 28 Vi t o N = 28
M t o 0 = 45 M t o 0 = 45
M t o L =103 M t o D = 98
L t o K = 18 D t o E = 55
519
491
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TABLE 2 (c o n tin u e d )
West
C urren t Proposed
K t o  J = 40 M t o  J  = 40
J  to  H 51 J  t o  S = 30
M to  G 52 S t o  R = 15
G to  F 25 K t o  H = 4?
M to  I 26 H t o  F = 41
M to  S 55 F t o  G = 25
S t o  R = 15 M t o  I  = 26
M t o  P 68 M t o  P = 68
P t o  T = 38 P t o  T = 38
P t o  Q 20 P t o  Q = 20
390 35Ô
C u rren t E ast + West = 909 m i.
Proposed E ast + West = 8^1 mi.
C u rren t -  Proposed = 909 -  841 = 68 m i/day
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Replacem ent c o s t i s  th e  p u rch ase  p r ic e  o f  th e  v e h ic le .  T h is  c o s t  cannot 
b e  u sed  a s  a fu tu re  p u rch ase  p r ic e  f o r  a rep lacem en t v e h ic le  s in c e  
m a n u fa c tu re rs ' p r ic e  in c re a s e s  and i n f l a t i o n  p re c lu d e  e s tim a tio n  o f  a 
f u tu r e  pu rchase  p r ic e .  The o p e ra t in g  c o s t in c lu d e s  d a i ly  r o u t in e  
m ain tenance , la b o r ,  f u e l  and o i l .  T h is  c o s t  i s  d e c e p tiv e ly  low due t o  
th e  la rg e  d a i ly  m ileag es  upon which i t  i s  b a sed . M iles p e r  g a llo n  
v a ry  due t o  v e h ic le  d i f f e r e n c e s ;  h en ce , an av e ra g e  o f  e lev en  m ile s  p e r  
g a l lo n  was ta k e n . L i f e  expec tancy  c o n s id e rs  u se  a s  a crew v e h ic le  on ly . 
Once t h i s  m ileage i s  re a c h e d , th e  v e h ic le  i s  tu rn e d  over to  o th e r  Base 
o rg a n iz a tio n s ,  where th e y  a r e  u t i l i z e d  u n t i l  th e y  a re  no lo n g e r  s e rv ic e ­
a b le  o r  capab le  o f  r e p a i r .  Hence, e v e n tu a lly  a  v e h ic le  d e p re c ia te s  to  
i t s  sc ra p  v a lu e .
TABLE 4 
COST DATA OF CREW VEHICLES
V eh ic le Replacem ent
Cost
O p era tin g  Cost 
p e r  M ile
M ile s ' p e r 
Gal.
L ife  Expectancy 
(M iles)
C h ev ro le t
C a r ry a l l
$4 , 530.00 $ .12 10-12 100,000
The sav in g s p o s s ib le  in  d a i ly  m ileage  and i n  v e h ic le s  can be  ex­
p re s se d  in  th e  fo llo w in g  d i f f e r e n t  ways;
1. The y e a r ly  m ileag e  saved  by th e  p roposed  a l t e r n a t i v e  i s :
136 m i/day x  3^5 d a y s /y r ,  = 49 ,640 m i /y r .
2. The d a i ly  sav in g s  o f  I 36 m ile s  c o n v e rts  t o  th e  fo llo w in g
y e a r ly  sav in g s  in  g a l lo n s  o f  g a s o lin e :
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136 !>»yV yr.. ,  ->,312 , k .1 /k , .
3 . The c o s t  o f  g a so lin e  to  th e  M is s i le  Wing a t  th e  end o f  th e  
t h i r d  q u a r te r  o f  f i s c a l  y e a r  1975 was $ .4 7 /g a l .  C onsequently , 
th e  y e a r ly  sav in g s  in  g a so lin e  c o n v e rts  t o  th e  fo llo w in g  
d o l l a r  amounts
4 ,512  g a l /y r .  x  $ .4 7 /g a l .  = $ 2 ,1 2 l /y r .
4 . The o p e ra tin g  c o s t  f ig u re  f o r  a y e a r 's  tim e  i s  th e  fo llo w in g :
136 rai/day  x  365 d a y s /y r .  x  $ . 12/m i. = $ 5 .9 5 7 /y r . 
P a r t  o f  t h i s  amount in c lu d e s  th e  c o s t  o f  g a so lin e .
5 . I t  i s  e s tim a ted  t h a t  a crew  v e h ic le  d e p re c ia te s  to  approx­
im a te ly  o n e -h a lf  o f  i t s  o r ig in a l  v a lu e  a t  th e  com pletion  o f  
100,000 m ile s . C onsequently , th e  d e p re c ia t io n  per m ile  i s  
th e  fo llo w in g !
The t o t a l  sav in g s in  d e p re c ia t io n  c o n v e r ts  t o  th e  fo llo w in g  
amount :
49 ,640  m i/y r . x  $ .023 /m i. = $ 1 . l4 2 /y r .
The p e rc e n t d e p re c ia t io n  used  i s  co n s id e re d  t o  be a co n serv a­
t i v e  e s tim a te .
These q u a n t i ta t iv e  e s tim a te s  o f  f u e l  and c o s t  sav in g s  a re  
summarized in  th e  fo llo w in g  ta b le s :
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TABLE 5 
SUMMARY OF FUEL SAVINGS
V eh ic le s M ileage
(m i/y r)
F u e l
( g a l / y r )
Fuel C ost/Y r.
C u rren t Method 12 663,570 60,325 $28,353
A lte rn a t iv e  Method 10 613,930 55 ,813 $26,232
Saving] 2 49,460 4 ,5 1 2 $2,121
TABLE 6
SUMMARY OF COST SAVINGS
V eh ic le s O p era tin g
C osts
D e p re c ia tio n
C u rren t Method 12 663,570 $79,628 $15,262
A lte rn a t iv e  Method 10 613,930 $73,671 $14,120
Saving 2 49,640 $5,957 $1,142
T o ta l  Cost S av ings = $7,099
B esides th e s e  q u a n t i f ia b le  m easures o f  d e f in in g  c o s t s a v in g s , th e r e  
a r e  o th e r  q u a l i t a t i v e  a s p e c ts  t h a t  a r e  n o t a s  obv ious. Fewer v e h ic le s  
b e in g  d is p a tc h e d  d a i ly  r e q u i r e  few er manhours sp en t on d a i ly  v e h ic le  
p r e p a ra t io n .  T h is  tim e  sav in g  can be  p u t t o  u se  i n  o th e r  work a re a s  
a s s ig n e d  t o  v e h ic le  m ain tenance p e rso n n e l. Less m ile s  t r a v e le d  d a i ly  
r e s u l t  i n  l e s s  crew  t r a v e l  tim e . R eduction  i n  such te d io u s  t r a v e l  tim e  
h as  p o s i t i v e  b e n e f i t s  in  te rm s o f  crew  m ora le . F in a l ly ,  becau se  v e h ic le s  
a r e  o n ly  so ld  f o r  s c ra p  v a lu e ,  th e  new v e h ic le  a l lo c a t io n  to  th e  Base 
w i l l  rem ain  a t  p re s e n t  num bers. The v e h ic le s  r e le a s e d  from crew  t r a n s ­
p o r t  d u ty  p u t needed s la c k  in  a  t i g h t  v e h ic le  a l lo c a t io n  b ase -w id e .
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CHAPTER IV 
CONCLUSIONS AND EVALUATIŒ OF THE STUDY
The model employed in  t h i s  s tu d y  was shown t o  b e  a u s e f u l  t o o l  in  
a n a ly z in g  th e  crew  t r a n s p o r t  problem . The f i r s t  p a r t  o f  t h i s  c h a p te r  
lo o k s  a t  th e  d eg ree  o f  v a l i d i t y  in  th e  m odel. N ext, an exam ination  i s  
made o f  some l im i t a t i o n s  en coun tered  d u rin g  th e  s tu d y . The f i r s t  
s e c t io n  co n clu d es  w ith  an a n a ly s is  o f  th e  p h y s ic a l  im p lem en ta tion  o f  
th e  model in  com puterized  form. The second s e c t io n  o f  th e  c h a p te r  
concludes th e  s tu d y  w ith  some su g g e s tio n s  f o r  f u r th e r  s tu d y .
E v a lu a tio n  o f  th e  Model
Model V a l id i ty
The model developed  in  t h i s  s tu d y  p roved  t o  be a c lo s e  approx­
im a tio n  o f  th e  a c tu a l  crew t r a n s p o r t  system . I t  c o n t ro l le d  th e  
movement and in te g r a t io n  o f  v e h ic le s  and crew s i n  a com parable manner 
w ith  th e  a c tu a l  d a i ly  deploym ent o f  b o th . A l i m i t a t i o n  o f  f r a c t i o n a l  
v e h ic le  s o lu t io n  v a r ia b le s ,  t o  be  d is c u s se d  l a t e r ,  d e t r a c te d  from  th e  
v a l id  r e p r e s e n ta t io n  o f  r e a l i t y .  However, such a  l i m i t a t i o n  was known 
t o  be  p re s e n t  from  th e  b eg in n in g  due t o  th e  n a tu re  o f  l i n e a r  programm­
in g  and a v a i la b le  com puter re s o u rc e s .  N e v e r th e le s s , th e  r e s u l t s  were 
c o n s id e re d  t o  be c lo s e  app rox im ations o f  p u re  in te g e r  s o lu t io n s .  And, 
by th e  method o f  com puter in p u t m a n ip u la tio n  d e s c r ib e d  e a r l i e r ,  th e  
e f f e c t s  o f  n o n - in te g e r  s o lu t io n  v a r ia b le s  w ere g r e a t ly  reduced .
A p r in c i p a l  c o n s id e ra t io n  in  t h i s  s tu d y  was th e  m o d e l's  u s e f u l -
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n e ss  a s  a to o l  in  p ro p o s in g  a l t e r n a t i v e  crew  l o g i s t i c  netw orks. The 
e x te n t t o  which th e  model gave su g g e s tio n s  f o r  a l t e r n a t iv e  t r a n s p o r t  
ne tw orks , how ever, was im p l ic i t  i n  th e  model. T h is  can be c o n t r a s te d  
w ith  a model which p ro v id e s  a b s o lu te  r e s u l t s ,  d e f in e d  h e re  a s  an  exac t 
and com plete s e t  o f  a l t e r n a t i v e  t r a n s p o r t in g  ne tw orks. A p o s s i b i l i t y  
f o r  such r e s u l t s  e x i s t s  and t h i s  id e a  i s  expanded on i n  th e  s e c t io n  on
f u tu r e  s tu d y . N o n e th e le ss , th e  ex p ec ted  su g g e s tiv e  r e s u l t s  w ere extrem e­
ly  u s e f u l  and m a n ip u la tiv e  in  p ro v id in g  a f i n a l  im proved t r a n s p o r t  n e t ­
work.
L im ita tio n s  o f  th e  Model
The p r a c t i c a l  a p p l ic a t io n  o f  th e  model re v e a le d  some l i m i t a t i o n s  
concern ing  i t s  employment. These w ere o f  a co m p u ta tio n a l n a tu re  and 
p r in c ip a l ly  a f f e c te d  th e  s o lu t io n  and v a l i d i t y  o f  th e  model. They w ere:
1 . The in c re a s e d  s i z e  o f  th e  model compared to  i t s  o r ig in s  in
pu re  tra n sh ip m e n t th e o ry .  T h is  s u f f i c i e n t ly  l im ite d  model
a p p l ic a t io n  f o r  problem s o f  s im i la r  s iz e  t o  i n s t i t u t i o n s  
p o sse ss in g  ad eq u a te  com puter f a c i l i t i e s .  The l i m i t a t i o n  was 
l e s s  a p p a re n t f o r  model a p p l ic a t io n  t o  problem s o f  c o n s id e r ­
a b ly  l e s s  s iz e .
2. The p re sen ce  o f  n o n - in te g e r  v a lu ed  v a r ia b le s  in  s o lu t io n  
l im i t in g  th e  model from p ro v id in g  th e  " a c tu a l"  s o lu t io n s  men­
tio n e d  e a r l i e r .  T h is  l i m i t a t i o n  a ro se  from th e  C rew /V ehicle 
L ink ing  C o n s tra in t fo rm u la tio n . I t  i s  o f  i n t e r e s t  t h a t  in  
sm all a p p l ic a t io n s ,  such a s  th e  one used  t o  v e r i f ÿ  th e  model 
c o n s t r a in t  s e t ,  t h i s  l i m i t a t i o n  d id  n o t ap p ea r.
3 . The l i m i t a t i o n  caused  by th e  u se  o f  l i n e a r  programming r e s t r i c t -
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in g  th e  assignm ent o f  whole v e h ic le s  t o  th e  c lo s e s t  s i t e s .
T h is  was c lo s e ly  a s s o c ia te d  w ith  th e  p re v io u s  l i m i t a t i o n  and 
m ight have been a l l e v ia te d  w ith  an in teger-p rogram m ing  code.
The e f f e c t  o f  t h i s  l i m i t a t i o n  was t h a t  th e  proposed  a l t e r n a t iv e  
s o lu t io n  had to  c o n ta in  some netw ork m an ip u la tio n  by in s p e c t io n . 
The p r in c ip a l  im pact o f  th e s e  l im i t a t i o n s  was t h a t  th e y  p rov ided  
s o lu t io n s  which re q u ire d  f u r th e r  m a n ip u la tio n . The model i s  cap ab le  o f 
e l im in a tin g  th e s e  sho rtcom ings, g iven  an a l t e r n a t iv e  means o f  s o lu t io n ,  
namely an  in teger-p rogram m ing  com puter code.
O p e ra tio n a l C h a r a c te r i s t ic s
Com puterized s o lu t io n s  o f  th e  model f o r  th e  e n t i r e  3 4 ls t  S t r a te g ic  
M is s i le  Wing w ere o b ta in ed  u s in g  a  SIGMA 7 com puter, s p e c i f i c a l l y ,  by 
u t i l i z i n g  KFOR, a  l i n e a r  programming code cap ab le  o f  h an d lin g  v e ry  la rg e  
problem s w ith  c o n s id e ra b le  f l e x i b i l i t y  o f  in p u t .  Depending on problem  
s iz e ,  any ad eq u a te  l i n e a r  programming code may be used  f o r  o u tp u t .
The crew t r a n s p o r t  a p p l ic a t io n  r e q u ir e d  th e  u se  o f  41 ,000 words o f  
co re  memory and l . ? 4  m inu tes o f  c e n t r a l  p ro c e s s in g  u n i t  e x ec u tio n  tim e . 
T h is  p ro c e s s in g  tim e  in c lu d e d  some p a ra m e tr ic  m a n ip u la tio n  o f  r i g h t -  
hand s id e  v a r ia b le s .  T h is f e a tu r e  o f  MFOR allow ed  fo r  su c c e s s iv e  ru n s  
o f  a  problem  w ith  l i t t l e  a d d i t io n a l  p ro c e ss in g  tim e  and c o s t .
The im p lem en ta tion  o f  th e  model n e c e s s a r i ly  c a l le d  f o r  a la rg e  
in p u t  o f  d a ta ,  e s p e c ia l ly  f o r  a problem  o f  th e  s i z e  fo rund  in  t h i s  s tu /^ .  
C onsequen tly , i t  was found u s e f u l  t o  g e n e ra te  th e  c o e f f i c i e n t s  o f  th e  
c o n s t r a in t  s e t  and o b je c t iv e  fu n c tio n  by means o f  a  m a tr ix  g e n e ra to r .
T h is  i s  more f u l l y  e x p la in e d  in  Appendix IV. MFOR, w ith  i t s  c o n s id e r -
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a b le  v a r i a t io n  o f  in p u t ,  was e a s i l y  m o d ified  t o  a c c e p t a  FORTRAN m a trix  
d a ta  g e n e ra to r .
S uggested  F u tu re  R esearch
F u r th e r  r e s e a rc h  in t o  th e  problem  d is c u s s e d  in  t h i s  s tu d y  d iv id e s  i t s e l f  
in to  two c a te g o r ie s :  (1 ) m o d if ic a tio n  o f  th e  p re s e n t  form o f  th e  model,
and (2 ) e x te n s io n  o f  th e  model t o  o th e r  r e l a t e d  problem s.
M o d ific a tio n  o f  P re s e n t Form
The c u r re n t  form  o f  th e  model p re se n te d  some d e f ic ie n c ie s  i n  s o lu ­
t i o n  which f a r th e r  re s e a rc h  m ight c o r r e c t .  These a re  p re se n te d  m ain ly  
f o r  improvement o f  r e s u l t s  o b ta in e d  t y  a  l i n e a r  programming code, s in c e  
t h i s  ty p e  i s  much more p re v a le n t th a n  an  in t e g e r  code. P o s s ib le  s o lu ­
t i o n s  t o  th e s e  d e f ic ie n c ie s  a re  t o :
1. R eform ulate  th e  c o n s t r a in t  u sed  t o  l i n k  v e h ic le s  w ith  crew s.
T h is  p a r t i c u l a r  c o n s t r a in t  ap p ea rs  t o  cause  th e  n o n - in te g e r  
v a r ia b le s  t o  e n te r  s o lu t io n .
2. Change th e  c o n s t r a in t  s e t  t o  a llo w  f o r  a l t e r n a t iv e  means o f  
crew t r a n s p o r t  such a s  b u se s .
E x ten sio n s o f  th e  M odel:
The a p p l ic a t io n  o f  th e  model t o  o th e r  r e l a t e d  problem s i s  a  v ia b le  
f i e l d  o f  f u tu r e  re s e a rc h .  R e la te d  problem s a r e  th o s e  i n  w hich v e h ic le  
a v a i l a b i l i t y  f o r  d a i ly  d is p a tc h  i s  l im i te d ,  b u t d a i ly  deploym ent th ro u g h ­
ou t a  g iven  t r a n s p o r t  netw ork i s  m andatory. S e v e ra l su g g es ted  e x te n ­
s io n s  a re  ;
1 . A bus l i n e ,  in  which d a i ly  ro u te s  a re  c o n s ta n t and in p u ts  such
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a s  f u e l  and v e h ic le s  a re  m ajor c o s t ite m s ,
2. A m ilk  ro u te  w ith  a netw ork c o n s is t in g  o f  a m un ic ip a l a re a .
Such a  problem  m ight in v o lv e  an  independen t d e a le r  o r a
f l e e t  o f  d a iry  t r u c k s .
3 . E x ten sio n  o f  th e  model t o  in c o rp o ra te  random p assen g er
in p u t s ,  such a s  a  c h a r te r  a i r l i n e .
These p o s s ib le  a p p l ic a t io n s  o f  th e  model a l l  have common in p u ts  o f . 
v e h ic le s ,  cargo  o f  some ty p e , and a p o s s ib le  netw ork over w hich to  
t r a v e l .  Each h as  a s  p rim ary  c o n s id e ra t io n s  f u e l ,  v e h ic le  c o s t and m in i­
mum tim e  sp en t i n  t r a n s p o r t .  Any g iven  a p p l ic a t io n  r e q u ir e s  c e r t a in  
m o d if ic a t io n s  o f  th e  c o n s tr a in t  s e t .  However, t h e  g e n e ra l scheme o f  
th e  m o d e l's  method o f  s o lu t io n  should  rem ain  c o n s ta n t .  Thus, th e  
ex p erien ce  gained  in  t h i s  s tu d y  p ro v id e s  a c lo se  approx im ation  t o  th e  
d e s ire d  s o lu t io n s  o f  th e s e  r e p r e s e n ta t iv e  p o s s ib le  problem s.
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APPENDIX I
PURE TRANSHIPMENT FORMULATION FOR 
THE 564 th  CREW TRANSPORT PROBLEM
The Transhipm ent Problem  may be s ta te d  a s :  
Minimize Z
m+n 
“ i? i 1
a ^ , f o r  i  = 1, 2, . m
S u b jec t t o ,  2  (% ij -  X ) =
j= l  ^ f o r  i  = m+1, m+n
Where C^j = u n i t  c o s t  o f  shipm ent betw een p o in ts  i  t o  j
X ij = number o f  u n i t s  sh ipped  betw een p o in ts  i  and j
a^ = su p p ly  from p o in t  i
-b^_^ = demand from  d e s t in a t io n
To a p p ly  th e  m a th em a tica l fo rm u la tio n  o f  th e  above g e n e ra l d e s c r ip ­
t i o n  t o  th e  5 ^ t h  squad ron , th e  fo llo w in g  a n a lo g ie s  m ust be made:
1. T here a re  two su p p ly  p o in t s  (a^ )  in  th e  564 th  problem ,
Malmstrom and Papa» . (m = 2)
2. T here a re  f iv e  d e s t i n a t io n s  (-b i-m )»  Papa th ro u g h  Tango, m + P 
th ro u g h  m + T, r e s p e c t iv e ly ^  w ith  Papa a ls o  a  source (n  = 4 ) .
3 . The c o s t o f  shipm ent i s  th e  m ile s  betw een p o in ts  i  and j ,
4 . The u n i t s  sh ipped  a r e  ,crew s (d e s ig n a te d  a s  in  t h i s  c a s e ) .
^ H i l l i e r  and L iberm an, I n tro d u c t io n  t o  O p era tio n s  R esea rc h .
pp . 194- 198 .
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APPENDIX I  (c o n tin u e d )
In  ta b u la r  form:
TABLE I  -  1 
TRANSHIPMENT COSTS AND REQUIREMENTS
M P M+P M-K5 M-A M46 M+r SUPPLY ( a y )
M % % P ^MP % Q ^MR S s 3
P % "PP ^PP CpQ " h i " p s C pj
2
M+P r  *^PM ^PP Cpp " n "pR ^PS CpT 0
M+Q %
r"
^QP Gqp CQQ ^QR CqS Cqt 0
M+R %
f”
^RP ^RP Cr q ‘-RR ^RS *̂ RT 0
M-+S
^SM ^SP "SP S q ^SR S s ^ST
0
M+T C fp C^P S q C fg Ct T 0
Demand 0 0 1 1 1 1 1 5
Where CJ .
^ J
^ 1 5
=  C l ( j
=  0 fo r
-  M)
' 1  = j
( i . e . : ^MP -  ^ (M + P -  M) " mP^
The accompanying a lg e b ra ic  form i s ;
| i  ' i j
S u b jec t to :
M inim ize Z = ^  ^  c  y
iiK  '
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CONSTRAINT NUMBER
Supply  from Malmstrom:
Supply from Papa:
2  =  2  ‘
3=3
S ix  Demand E quations o f  th e  Form:
' z  (^13 -  "  i  = 1. 2 . 3 . 5 . 6 1
j = l
Where M = 1, P = 2 , Q = 3 , R = 4 , S = 5 , T = 6 
The r e s u l t s  o f  t h i s  fo rm u la tio n  a re  g iv e n  in  C hap ter 2 , F ig u re  2.
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APPENDIX I I  
MODEL VALIDATION FOR THE 564th  SQUADRON
The fo llo w in g  a p p l ic a t io n  o f  th e  g e n e ra l crew  t r a n s p o r t  model was 
u sed  f o r  i t s  v a l id a t io n .  The 564th  squadron was chosen s in c e  th e  p u re  
tran sh ip m en t a n a ly s i s  looked  a t  th e  same squadron . %  com paring th e  
r e s u l t s  o f  t h i s  fo rm u la tio n  and pu re  tra n sh ip m e n t, an im m ediate 
com parison was a v a i la b le  t o  in s u re  t h a t  th e  d e f ic ie n c ie s  o f  th e  
tra n sh ip m e n t approach  were c o r re c te d .
The c o s ts  o f  t r a n s p o r t  f o r  th e  564th  squadron  a r e  g iven in  th e  
fo llo w in g  t a b l e :
TABLE I I - l  
COSTS OF TRANSPORT (MILES)
(1 ) M 68 84 70 55 97
(2 ) :: P 30 31 25 38
(3 ) Q 47 23 44
(4 ) R 15 6o
(5) 3 47
(6 ) T
The o b je c t iv e  fu n c tio n  had th e  fo llo w in g  g e n e ra l and s p e c i f i c  
fo rm a ts , r e s p e c t iv e ly s
6 6 6 6
( l )  M inim ize Z = 2  2 . ^ i j  ^ i j  + %  S  0 ^ i j
i= l  3=2 i = l  3=2
1^3 ^^3
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(2 )  M inim ize Z = 68X^2 + + 70%i4 + 55^1 ^  + 97Xi6 + 30X23 + 31X34
+ 25X25 + 38X36 + 30X32 + 47X34 + 23X32 + 44X35 + 31X̂ 2 +
47X̂ 3 + 15X2̂ 2 + 60X2̂ 6 + 23X52 + 23X23 + 15X54 + 47X36 + 38X53 
+ 44X53 *  ^ ^ 6 4  + 47X52 + 0 Y12 + 0 Y13 + 0 Yj4  + 0 Y i2 +
0 Yj 5̂ + 0 Y23 + 0 Y2lf, + 0 Y25 + 0 Y25 + 0 Y32 + 0 Y3 _̂ + 0 Y32
+ 0 Y 36 +  0 Y 42 + 0 Y43 +  0 Y42 +  0 Y 45 +  0 Y22 + 0 Y23 +
0 Ï J ^  + 0 Ï J 6  + 0 Y^2 + 0 ï y  + 0 + 0 Ï ^ J
T h is  o b je c t iv e  fu n c tio n  i s  s u b je c t to  th e  fo llo w in g  r e p r e s e n ta t iv e  
c o n s t r a in t s :
CONSTRAINT NUMBER
One V eh ic le  p e r  S i t e :
^12 + ^32 ^42 ^52 *  *62 ^  ^ ^
V eh ic le  S ources from V eh ic le  D e s tin a t io n s :
X32 + X34 + X32 + %35 -  -  %23 -  %43 -  Z53 -  Z53 ^  0 4
V eh ic le  P re p o s itio n in g :
^23 ^24 ^25 ^26 ■ ^12 " ^32 ■ \ 2  "  ^52 "  *62 -  ^ ^
V eh ic le  Suppljr:
X12 + X^3 + X^^ + X^2 + = 2 1
One Crew p e r  S i te :
^13 *' ^23 ^43 ^53 ^63 "  ^32 " ^34 “ ^35 "  ^36  ̂ ^
V eh ic le  P assen g er;
Ï 12 < 3  5
C rew /V ehicle L ink ing
T o ta l 46
-3*12 + ?12 < 0
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The s o lu t io n  t o  t h i s  fo rm u la tio n  i s  g iven  in  C hap ter 2 , F ig u re  4 .
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APPENDIX I I I
MILEAGES BETWEEN E A ST E R N  SITES AND BETWEEN WESTERN SITES
TABLE I I I - l  
MILEAGES GOING EAST
(1 )  M 27 51 64 98 135 123 103 94 122 139
(2) A 23 37 71 108 96 76 66 .9 4 111
(3 ) B 30 64 100 89 6o 59 87 104
(4 ) C 46 71 59 39 29 58 74
(5) D 55 105 87 56 66 63
(6 ) E 86 68 41 52 43
(7 ) K 18 45 73 90
(8 ) L 30 55 72
(9 ) M 28 45
(1 0 ) N 41
( 11)
a = S i t e  D es ig n a tio n s  ( l e t t e r s )  
b  = V a r ia b le  D esig n a tio n s  (num bers)
4 9
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TABLE I I I - 2  
MILEAGES GOING WEST
M |6 ? 52 47 51 40 68 84 70 55 97
(2 ) E 25 41 118 71 99 115 100 86 120
(3 ) G 46 103 55 99 119 84 70 112
(4 ) H 98 51 79 95 80 66 108
(5) I 91 101 117 102 88 130
(6 ) J 33 54 44 30 67
(7) P 20 31 25 38
(8 ) Q 47 23 44
(9 ) R 15 6o
(10 ) s 47
( 11) X.
a = S i t e  D esig n a tio n s  ( l e t t e r s )  
b  = V a r ia b le  D es ig n a tio n s  (num bers)
R e p ro d u c e d  with p e rm iss ion  of  the  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
APPENDIX IV 
COMPUTERIZED FORM OF THE MODEL
The model u sed  to  a n a ly z e  th e  crew  l o g i s t i c s  problem  was so lv ed  
u s in g  two l i n e a r  programming codes. The sm all model f o r  one squadron 
u t i l i z e d  a  l i n e a r  programming code a v a i la b le  on th e  AFIT d e ta tc h m e n t 's  
com puter a t  Malmstrom AFB. T his was a s m a l l- s c a le  l i n e a r  programming 
code u t i l i z i n g  th e  sim plex method. The la rg e  model f o r  two squadrons 
was so lv ed  u s in g  MFOR, a la r g e - s c a le  l i n e a r  programming code o r ig in a l ly  
developed  by th e  Rand C o rp o ra tio n  and now a v a i la b le  a t  Montana S ta te  
U n iv e r s i ty .^  T h is  code i s  an in d ependen t a lg o rith m  u s in g  th e  p ro d u c t 
form o f  th e  in v e rs e  method. A ll com putations a re  done in  co re  on a 
s ta n d a rd  m a tr ix . MFOR p ro v id e s  f l e x i b i l i t y  o f  in p u t , and, p e rh a p s , i t s  
g r e a te s t  advan tag e  i s  th e  la rg e  problem s i t  can so lv e . The program  i s  
cap ab le  o f  s o lv in g  problem s w ith  2000 colum ns, 5 H  rows and 6000 non­
ze ro  m a tr ix  e n t r i e s .  The fo llo w in g  a n a ly s i s  o f  com puter in p u t and o u t­
p u t i s  concerned  w ith  on ly  th e  la rg e  a p p l ic a t io n  o f  th e  model.
Data In p u t
The MFOR program  re q u ire d  th a t  each n o n -zero  m a tr ix  e n try  be  e n te re d  
on a  s e p a ra te  c a rd . To p re c lu d e  u s in g  1135 c a rd s , a m a tr ix  g e n e ra to r  
was w r i t t e n  in  FORTRAN, to  in p u t d a ta  t o  MFOR i n  th e  r e q u ir e d  fo rm a t.
^For d e t a i le d  r e fe re n c e  on MFOR, se e : SIGMA 5 /7  MFOR
L in e a r  Programming Code. S c i e n t i f i c  Data System s, 1968.
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C o n sid erab le  tim e  was saved in  p re p a r in g  d a ta  in p u t because  th e  m a trix  
g e n e ra to r  re q u ire d  th a t  only  210 c a rd s  be punched.
Each l i n e  o f  d a ta  in p u t  r e q u ire d  th e  column and row names o f  non­
ze ro  elem ents i n  th e  main c o n s t r a in t  m a tr ix . To f a c i l i t a t e  th e  w r it in g  
o f  th e  m a trix  g e n e ra to r ,  column and row names w ere sim ply one t o  th r e e  
d i g i t  num erics. A n a ly s is  o f  s ta n d a rd  s o lu t io n  o u tp u ts  was e a s i l y  a c ­
com plished by com parison w ith  T ab le  1, C hapter I I .  The com puterized 
form o f  th e  model had 142 rows and 386 colum ns, th e  o b je c tiv e  fu n c tio n  
b e in g  counted a s  a row.
C o n tro l P rocedure  f o r  G en era tin g  Problem S o lu tio n s
The d e s i r e d  form o f  s o lu t io n  t o  th e  MFOR code was managed t y  means 
o f  a  program made o f  s u g g e s tiv e  mnemonic c o n tro l  w ords. T h is  program 
allo w ed  ru n s  t o  be s ta c k e d , a ru n  b e in g  a l l  th e  com putations re q u ire d
on a given s e t  o f  c o n s t r a in ts  and th e  o b je c tiv e  fu n c tio n .
T his c o n t ro l  program so lv e d  th e  problem  fo r  an  i n i t i a l  op tim al 
s o lu t io n  and th e n  p a ra m e tr ic a l ly  v a r ie d  r ig h t-h a n d  s id e  v a lu e s  t o  p ro ­
v id e  a d d i t io n a l  s o lu t io n s .
The d i f f e r e n t  ru n s  o f  th e  model f o r  th e  E as te rn  and W estern 
squadrons re q u ire d  s l i g h t l y  d i f f e r i n g  fo rm u la tio n s  o f th e  MFOR c o n tro l  
program . However, th e  fo rm at was th e  same and fo llo w ed  th e  g e n e ra l 
sequence o f : (1 ) a f i l e  f o r  th e  d a ta  c re a te d  by th e  m a tr ix  g e n e ra to r ,
(2 )  a  command t o  g e n e ra te  th e  i n i t i a l  o p tim a l s o lu t io n ,  (3 ) a command 
t o  a l t e r  r ig h t-h a n d  s id e  v a lu e s ,  and (4 ) a command t o  g e n e ra te  a  new
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s o lu t io n  w ith  th e  p a ra m e tr ic a lly  a l t e r e d  r ig h t-h a n d  s id e  v e c to r .
The a l t e r i n g  o f  th e  r ig h t-h a n d  s id e  v e c to r  was u sed  to  s im u la te  
th e  p re p o s it io n in g  o f  v e h ic le s  a n d /o r  t o  change th e  number o f  v e h ic le s  
su p p lie d  from ^ Im s tro m .
T h is  method r e s u l t e d  in  c o n s id e ra b le  sav in g s  in  p ro c e ss in g  tim e 
and c o s t s in c e  a d d i t io n a l  s o lu t io n s  were o b ta in e d  u s in g  th e  f i n a l  
i t e r a t i o n  o f  th e  i n i t i a l  p rim al f e a s ib l e  s o lu t io n  as  a  s t a r t i n g  b a s i s .
S o lu tio n  O utput
The o u tp u t o f  a r e p r e s e n ta t iv e  ru n  c o n s is te d  o f th e  fo llo w in g :
1 . A l i s t i n g  o f  th e  s t a t i s t i c s  f o r  th e  given  ru n . In c lu d ed  h e re  
w ere th e  problem  s iz e  and th e  number o f  i t e r a t i o n s  r e q u ir e d  
u n t i l  an  o p tim a l s o lu t io n  occu red .
2. A row o u tp u t g iv in g  th e  column in  w hich a p iv o t  was done f o r  
a g iven  row. In c lu d ed  were th e  v a r ia b le  v a lu e , and th e  d u a l 
s o lu t io n ,  sometimes r e f e r r e d  t o  a s  " th e  shadow p r ic e ."
3. The column o u tp u t. Each v a r ia b le  name was g iven  a long  w ith  
i t s  v a lu e .
T h is  sequence was re p e a te d  a s  o f te n  a s  n e c e ssa ry  w ith  a  g iven
c o n tro l  c a rd  program  re q u ir in g  s e q u e n t ia l  ru n s . A sam ple o u tp u t f o r
IS
two su c c e s s iv e  ru n s  in ,  co n ta in ed  in  Appendix VI.
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APPENDIX V
SAMPLE COMPUTER OUTPUT FOR THE CREW TRANSPORT MODEL
The f i r s t  page o f  com puter o u tp u t g iv e s  th e  s t a t i s t i c s  f o r  a 
given com puter ru n . The p r in c ip le  in fo rm a tio n  s u p p lie d  was th e  
fo llo w in g : ( l )  The number o f  s la c k  v a r ia b le s  i n s t a l l e d ,  (2 ) th e
i t e r a t i o n  number a t  w hich th e  problem  f i r s t  became f e a s ib l e ,  and
(3 ) th e  number o f  p iv o t  s te p s  re q u ire d  b e fo re  th e  problem  was f e a s ib l e .
E x p lan a tio n  o f  S h o rt O utput
P reced in g  th e  a c tu a l  column o u tp u t v a lu e s  i s  th e  " sh o rt o u tp u t"  
f o r  th e  com puter ru n . The example in  t h i s  appendix  r e s u l t e d  in  an 
o p tim al s o lu t io n .  In c lu d e d  in  th e  s h o r t  o u tp u t was:
1, The i d e n t i f i c a t i o n  o f  th e  m a tr ix  and r i g h t  hand s id e  i d e n t i f i e r s .
2, The number o f  i t e r a t i o n s ,  s te p s  and p iv o ts  needed f o r  t h e
o p tim a l s o lu t io n ,
3, The o b je c t iv e  fu n c tio n  v a lu e .
4 , The number o f  i n f e a s i b i l i t i e s .
5 , The l a s t  column t o  e n te r  s o lu t io n .
6, The l a s t  column t o  le a v e  th e  s o lu t io n .
7, The l a s t  p iv o t  row.
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I d e n t i f i c a t i o n  o f  Column H eadings
Row O utput S e c tio n
Heading
Name
V alue
Row
RHS
P ric e
(Column number)
E xp lan a tio n
Column i n  which a 
p iv o t was done f o r  
th e  row.
V a ria b le  v a lu e  f o r  
th e  column given  in  
th e  Name p o r t io n .
Row name.
V alue o f  th e  r i g h t  
hand s id e  (a s  in p u t ) .
The n e g a tiv e  o f  th e  
d u a l s o lu t io n .
C on ten ts o f tem porary  
s to ra g e  in  th e  l a s t  
column t o  be tra n s fo rm e d .
Column O utput S e c tio n
Heading
Name
V alue
T ru e /C o s t/
Reduced
Row
E xp lan a tio n
Name o f  v a r ia b le  i n  
o b je c t iv e  fu n c tio n .
V a ria b le s  v a lu e  in  
s o lu t io n .
O b je c tiv e  fu n c tio n  
c o e f f i c ie n t  f o r  th e  
given  v a r ia b le .
The reduced  c o s t .
P iv o t row f o r  a g iven  
column.
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o  ' SBLVE
SETI
Q I_______________________________________ _____________
5  ' tTNSTaLlËÛ lèS ëLACkS, o NgN-SLACXS
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RE I N VE R TI N G AFTER 2 4 T H . I T E R A T I O N ,  4 6 . TRANSFORMATIONS w j . fH  8 0 6  E N T R I E S ,  T I M E *  . , 0 0 0 0  TYPÊ 1
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MAX ERR ON ROW COST*  , 9 4 8 8 2 E » 1 4 ,  SUM» , 1 5 2 4 8 E » 1 3
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APPENDIX V I
GRAPHIC SUMMARY OF COMPUTER OUTPUTS
TABLE VI-1 
SYNOPSIS OF APPENDIX VI ILLUSTRATIONS
F ig u re  Number Number o f  V e h ic le s  from Malmstrom V eh ic le  P re p o s i­
t io n e d  S i te
Computer Runs f o r  E a s te rn  S i te s
V I-1 4 C
V I-2 4 M
V I-3 5
VI-4 6
V I-5 6 M
Computer Runs f o r  W estern S i te s
VI- 6 4
V I-7 4 P
V I-8 5
V I-9 6
V I-10 6 P
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